A series of trials was conducted to determine the effects of supplemental rumen-protected methionine (RPMet) and lysine (RPLys) on nutrient metabolism and performance. In situ RPMet N disappearance was less than 4% following 48 h of incubation and was not affected (P > .05) by diet or resultant ruminal pH differences, indicating that RPMet was well protected from ruminal microbial degradation. Thirty-five Dorset-sired crossbred wether lambs (avg wt 28 kg) fed ground corn-soybean hull diets supplemented with urea were randomly assigned to one of the following treatments: 1) 0% RPMet, 2) .03% RPMet, 3) .06% RPMet, 4) .09% RPMet or 5) .12% RPMet. Dry matter, fiber and N digestibilities and N retention were not affected (P > .05) by treatment. Plasma methionine concentration tended to increase linearly (P < .07) with dietary RPMet level. Six Simmental x Angus steers (avg wt 427 kg) were fed a corn grain-corn silage diet supplemented with urea and five levels of RPMet: 1) 0%, 2) .04%, 3) .08%, 4) .12% and 5) .16%. The plasma methionine concentration increased linearly (P < .01) with dietary RPMet level. In a steer performance trial, no improvements in feedlot performance resulted due to these RPMet levels (P > .05), suggesting that the control diet (0% RPMet) was meeting the methionine requirement of these steers. The effects of RPMet and RPLys on growing and finishing steer feedlot performance also were evaluated. Treatments were 1) urea control, 2) soybean meal positive control, 3).09% RPMet + .06% RPLys, 4) .12% RPMet + .08% RPLys and 5) .15% RPMet + .10% RPLys. In the growing trial, added RPMet and RPLys did not improve steer feedlot performance. In the finishing trial, only steers fed .09% RPMet + .06% RPLys had higher (P < .05) gains than those fed the urea control diet. These trials indicate that postruminal methionine and lysine supplies were not limiting feedlot steer performance.
1970; Reis and Colebrook, 1972; Chalupa et al., 1973; Schelling et al., 1973) have stimulated interest in developing methods to protect amino acids from ruminal degradation. Protection of amino acids has been attempted by the formation of analogs and derivatives and by lipid and polymeric encapsulation. Komarek and Jandzinski (1978a) reported that N retention by lambs increased when polymeric encapsulated rumen-protected methionine (RPMet) was supplemented to the diet. Oke et al. (1986) also showed similar increases in N retention in lambs supplemented with RPMet and rumen-protected lysine (RPLys).
Research currently is lacking on the level and composition of amino acid supplementation necessary to achieve maximum growth in ruminants. In addition, much of the information that is available has involved infusion studies with animals that rarely achieved intake levels and growth rates typical of those found in the livestock industry. Both of these factors could affect the determination of supplemental amino acid requirements. The objectives of this research were 1) to determine the extent of ruminal degradation of RPMet when exposed to different ruminal environments, 2) to determine supplemental methionine requirements of lambs by measuring N balance and plasma methionine response to various dietary levels of RPMet, 3) to determine supplemental methionine requirements of steers by measuring plasma methionine response to increasing levels of dietary RPMet and 4) to determine effects of RPMet and RPLys on feedlot performance of steers.
Experimental Procedures
The rumen-protected amino acids used in these trials consisted of an amino acid core encapsulated with a pH-sensitive co-polymer designed to maintain its structural integrity in the rumen. Low abomasal pH triggers breakdown of the coating and allows release of amino acids for absorption (Papas et al., 1984a) . The levels of rumen-protected amino acids used in these trials were chosen based on previous research of Oke et al. (1986) . Supplemental S was provided in all performance and metabolism trials to achieve an approximate N:S ratio of 10:1 to ensure that S was not limiting microbial synthesis of methionine in the rumen.
In Situ Trial. Six mature, ruminally cannulated Angus steers were used in a completely randomized design to determine the effect of diet on in situ N disappearance of RPMet. Three diets were investigated and in situ incubations were conducted over seven time periods. Diets (Table 1) were fed once daily at a maintenance level (6.81 kg/d). The experiment lasted 19 d; d 1 through d 16 served as an adaptation phase. Immediately before feeding on d 17, dacron bags (7 • 13 cm, pore size 70 /am) containing 1.0-g samples of RPMet were attached to 210-g weights (eight bags/weight) and inserted into the rumen. Duplicate bags containing RPMet and empty bags serving as blanks were removed after 3, 6, 9, 12, 24, 36 and 48 h of incubation. Upon retrieval, bags were rinsed with cold tap water and dried in a forced air oven at 55~
Residual RPMet-N was determined by the Kjeldahl procedure (AOAC, 1980) . Rates of N disappearance were calculated as the slope of the regression of natural Lamb Nitrogen Balance Trial. Thirty-five Dorset-sired crossbred wether lambs averaging 28 kg were used in a completely randomized design to determine effects of supplemental RPMet on N balance and plasma amino acid concentrations. The lambs were fed and housed individually in metabolism crates for total collection of urine and feces. Five treatments, 1) 0% RPMet, 2) .03% RPMet, 3) .06% RPMet, 4) .09% RPMet and 5) .12% RPMet, were randomly assigned to individual lambs, with seven lambs per treatment. These RPMet levels represent the methionine portion of the protective polymer-methionine complex expressed as a percentage of diet DM. The experiment was conducted in two periods, with 20 lambs in Period 1 and 15 Iambs in Period 2. Diets were composed of ground corn and soybean hulls supplemented with urea plus required minerals and vitamins (Table 2) . Diets were formulated to contain 11% CP (DM basis). Lambs were fed 1,100 g daily, divided into two equal feedings at 0800 and 1600, and water was available continuously. Each 16-d experimental period consisted of 10 d for diet adaptation followed by 6 d for total collection of feces, urine and orts. Urine was collected in plastic containers holding 50 ml of 50% HCI to prevent NH 3 volatilization. A 5% (by volume) aliquot of daily urine was composited by lamb and stored under refrigeration for future analysis. A 10% (by weight) aliquot of daily feces was composited by lamb and frozen for future analysis. On the last day of each collection period (d 16), lambs were bled at 1100 (3 h postfeeding) to determine plasma amino acid concentrations. Blood samples were collected in heparinized tubes, and plasma was harvested by centrifugation at 3,000 • g for 30 rain. Proteins were precipitated from 4.5 ml of plasma by addition of .5 ml of 5-sulfosalicylic acid (50% w/w) followed by centrifugation at 18,000 • g for 20 rain. The resulting plasma supernatant was analyzed for amino acid concentrations by HPLC according to the procedure of Lindroth and Mopper (1979) as modified by Weiss et al. (1985) . Samples of feed, orts and feces were analyzed to determine digestibilities of DM, fiber and N. Dry matter, NDF and ADF were determined by methods of Van Soest and Robertson (1980) . Nitrogen content was determined by the Kjeldahl procedure (AOAC, 1980) . Urine samples were analyzed for N to allow determination of N retention.
Steer Plasma Amino Acid Response Trial.
Six Simmental • Angus steers averaging 427 kg were penned and fed individually for a 35-d trial to determine plasma amino acid response to various dietary levels of RPMet. The following levels of RPMet were fed: 1) 0%, 2) .04%, 3) .08%, 4) .12% and 5) .16%. Each treatment was fed to all steers for 7 d, starting with 0% RPMet during wk 1, with RPMet level increasing stepwise each week to .16% RPMet during wk 5. Thus, treatment was confounded with time. Diets contained 60% high-moisture corn, 10% corn cobs, 10% corn silage and approximately 15% ground corn plus required minerals and vitamins (Table 3) . Diets were supplemented with urea to achieve 10.2% CP. Rumen-protected methionine was provided in a corn-based supplement and fed separately from the remaining diet to avoid contact with low pH fermented feeds that potentially could solubilize the protective coating. Steers were weighed without shrinking on two consecutive days at the initiation and completion Of the trial, and at 7-d intervals throughout the trial, to ensure that they were gaining weight. dcontains > 93% NaC1, .35% Zn, .28% Mn, .175% Fe, .035% Cu, .007% I and .007% Co.
eRumen-proteeted methionine polymer was approximately 65% methionine. fDaily samples were composited by treatment and analyzed in triplicate.
Jugular blood samples were obtained 3 h and 6 h postfeeding from each steer at the end of each 7-d period. Samples were prepared and analyzed for plasma amino acid concentrations as previously described.
Steer Trial 1. Sixty Charolais or Simmentalsired crossbred steers (avg initial wt 400 kg) were assigned to pens and fed individually for a 96-d finishing trial to determine effects of RPMet on feedlot performance of finishing steers. Five treatments, 1)0% RPMet, 2) .04% RPMet, 3) .08% RPMet, 4) .12% RPMet and 5) .16% RPMet, were randomly allotted to individual pens (12 pens per treatment) in a completely randomized design. Rumen-protected methionine was provided in a corn-based premix and fed separately from the remaining diet. Diets were the same as those used in the Steer Plasma Amino Acid Response Trial (Table  3) . Steers were weighed on two consecutive days at the initiation and completion of the trial and at 28-d intervals throughout the trial. Average daily gain, feed intake, and feed/gain were determined for each steer. Jugular blood samples were obtained from all steers 2 h postfeeding on d 56 of the trial to identify the effects of RPMet on plasma amino acid concentrations. Jugular blood samples also were taken from three steers per treatment at 0, 2, 4, 6 and 8 h postfeeding on d 58 of the trial. Procedures for blood sample preparation and amino acid analysis were as previously described. At the termination of the experiment, cattle were slaughtered and carcass data were collected.
Steer Trial 2. One hundred fifty Angus • Hereford steers (avg initial wt 282 kg) were assigned by weight to 15 pens with 10 steers per pen for a 70-d trial investigating the effects of RPMet and RPLys on performance of growing steers. Five treatments, 1) urea control, 2) SBM positive control, 3) .095 RPMet + .06% RPLys, 4) .12% RPMet + .08% RPLys and 5) .15% RPMet + .10% RPLys, were randomly allotted to the 15 pens with 3 pens per treatment. The levels of rumen-protected amino acids in treatments 3, 4 and 5 represent the concentrations of methionine and lysine provided in the ruminally protected form expressed as a percentage of diet DM. Diets were composed primarily of corn silage and contained required vitamins and minerals (Table 4 ). All diets were supplemented with urea to achieve a 10.3% level of CP, except for the positive control diet, which was supplemented with SBM and formulated to contain 11% CP. Supplements were top-dressed to reduce contact of RPMet and RPLys with low pH fermented feeds. Steers were weighed on two consecutive days at the initiation and completion of the trial and at 28-d intervals during the trial. Average daily gain, feed intake and feed/gain were determined.
Steer Trial 3. One hundred twenty Angus x Hereford steers (avg initial wt 313 kg) were assigned by weight to 15 pens with 8 steers per pen for a 107-d trial to determine the effect of RPMet and RPLys on performance of finishing feedlot steers. Five dietary treatments were randomly assigned to the 15 pens with 3 pens per treatment. The five treatments were: 1) urea control, 2) SBM positive control, 3) .09% RPMet + .06% RPLys, 4) .12% RPMet + .08% RPLys and 5) .15% RPMet + .10% RPLys (Table 5 ). The level of rumen-protected amino acids indicated represents the concentration of methionine and lysine provided in the ruminally protected form expressed as a percentage of diet DM. Diets were composed primarily of high-moisture corn and contained required vitamins and minerals. All diets were supplemented with urea to 10.3% CP, except the positive control diet, which was supplemented with SBM and formulated to contain 11.0% CP. Supplements were top-dressed as in Steer Trial 2. Cattle were weighed full on two consecutive days at the initiation and completion of the trialand at 28-d intervals throughout the trial. Performance was measured as described for Steer Trial 2. Jugular blood samples were obtained from three steers per pen (nine steers per treatment) 2 h postfeeding on d 56 of the experiment to determine the effect of diet on plasma amino acid concentrations. Procedures for blood sample preparation and amino acid analysis were as described previously. At the termination of the experiment, cattle were slaughtered and carcass data were obtained.
Data from all trials were analyzed by analysis of variance procedures using Harvey's LSML76-mixed model least squares program (Harvey, 1982) . In the In Situ Trial, the mean value for duplicate bags (at each incubation time) was used for statistical analysis, resulting in two observations (steers) per treatment. For the In Situ Trial and Steer Trials 2 and 3, treatment means were compared by the method of Least Significant Difference protected by a significant F-value. For the remaining trials, treatment degrees of freedom were partitioned fRumen-protected amino acid blend contains 62.5% amino acids.
to test for linear and quadratic effects (Snedecor and Cochran, 1980) .
Results and Discussion
In Situ Trial. The effect of diet on in situ N disappearance of RPMet is presented in Table 6 . Ruminal pH was higher (P < .05) at 3, 6 and 9 h postfeeding for steers fed 100% orchardgrass hay than for those fed the 100% concentrate mixture (6.51, 6.31 and 6.22 vs 5.39, 5.48 and 5.69, respectively). Ruminal pH values for steers fed the 50% cracked corn-50% alfalfa pellet diet were not different (P > .05) from those of steers fed the 100% orchardgrass hay diet, but tended to be lower throughout the incubation period. Although differences in ruminal pH resulted because of diet, in situ N disappearance of RPMet was less than 4% following 48 h of incubation and was not affected (P > .05) by diet. These results indicate that the pH-sensitive co-polymer coating of RPMet was not affected by diet characteristics and resulting ruminal pH differences. This polymeric coating has been shown to be stable in vitro (Papas et al., 1984a) and to increase specific amino acid concentrations in plasma (Papas et al., 1984b; Oke et al., 1986; Rogers et al., 1987) .
Lamb Nitrogen Balance THat. The effects of supplemental RPMet on lamb nutrient metabolism are presented in Table 7 . Retention of N and digestibilities of DM, fiber and N were not affected by dietary RPMet level (P > .05). In contrast, Mowat and Deelstra (1972) reported a significant linear response in N digestibility to increasing levels of a colloidal kaolin-tristearin encapsulated methionine. Oke et al. (1986) also reported a trend for percentage N retention to be greater in lambs fed RPMet.
Plasma methionine concentrations tended to increase linearly (P < .07) with dietary RPMet level (Table 7) . Dean and Scott (1965) demonstrated in growing chicks that when incremental amounts of the first limiting amino acid (lysine) were fed, the plasma concentration of lysine remained low and relatively constant until its requirement was met. At that point, further increases in the supply of lysine sharply and linearly increased plasma concentration. Fenderson aExpressed on DM basis; all diets contain 10.3% CP with the exception of soybean meal, which was 11.0% CP. bLevels represent the methionine (RPMet) and lysine (RPLys) portion of the protective polymer-amino acid complex expressed as a percentage of diet DM.
CSoybean meal. Oke et al. (1986) . The increase in plasma methionine noted in our trial provides qualitative evidence that the methionine core was protected and subsequently available to the lambs for absorption. This is supported by the report of Oke et al. (1986) , who found that feeding RPLys and RPMet and abomasal infusion of lysine and methionine resulted in similar increases in plasma concentrations of these amino acids, whereas feeding unprotected methionine and lysine did not increase plasma levels of these amino acids.
Steer Plasma Amino Acid Response Trial.
Plasma amino acid concentrations were similar at 3 and 6 h postfeeding. Because no treatment • sampling time interaction existed (P > .05), 3-h and 6-h times were pooled for the analysis of RPMet effects on plasma amino acid concentrations (Table 8) . Plasma methionine concentration increased linearly (P < .01)with dietary RPMet level, indicating qualitatively that methionine was well protected from ruminal degradation and subsequently absorbed. Komarek and Jandzinski (1978b) reported similar results when methionine was infused into lactating dairy cows. Plasma levels of aspartic aRumen-protected methionine. bA = 100% orchardgrass hay; B = 50% cracked corn-50% alfalfa pellets; C ---100% concentrate mixture.
Cstandard error of the mean.
d'eMeans in the same row without a common letter in their superscripts differ (P < .05).
acid, glutamic acid, histidine and glycine decreased (P < .01) with increasing levels of supplemental RPMet. There also was a trend (P = .14) for decreased lysine concentration with increasing dietary RPMet level. Although plasma methionine increased linearly with increasing dietary RPMet, there was evidence for an inflection in the plasma response curve at the .04% RPMet level. The .04% RPMet level resulted in only a 7% increase in plasma methionine compared with the 0% RPMet level, and the .08% RPMet level resulted in a 30% increase in plasma methionine compared with the .04% level of RPMet. If methionine was first limiting or co-limiting for these steers, increasing the supply of methionine theoretically should decrease the plasma concentration of other amino acids as they are removed from the plasma for tissue use. It was assumed in this trial that 7 d would be adequate for the steers to respond metabolically to increased levels of postruminally delivered methionine. Incomplete metabolic adjustment to increased methionine could have affected the results obtained in this trial because RPMet intake was increased sequentially, although evidence in the literature is lacking to refute this assumption.
Steer Trial 1. Effects of dietary RPMet level on steer feedlot performance, carcass characteristics and plasma amino acids are presented in Table 9 . Gain, feed intake, feed/gain and carcass measurements were not affected by dietary RPMet level (P > .05). The lack of a response in gain to supplemental RPMet suggests that methionine was not the first or sole limiting amino acid for these steers under the imposed dietary conditions. Thus, it is likely that ruminal escape of methionine from dietary and microbial sources was meeting the methionine requirement of these steers. This is supported by the plasma amino acid data. Increasing the level of RPMet in the diet resulted in a linear increase (P < .01) in 2-h posrfeeding aLevels represent the methionine portion of the rumen-protected methionine (RPMet) complex expressed as a percentage of diet DM. bstandard error of the mean.
CEffect of RPMet level was linear (P < .03). dEffect of RPMet level was linear (P < .07). eEffect of RPMet level was quadratic (P < .05). aEach treatment (rumen-protected methionine; RPMet) was fed for 7 d starting with 0% RPMet during wk 1 and increasing stepwise each subsequent week. bLevels represent the methionine portion of the RPMet complex expressed as a percentage of diet DM.
Cstandard error of the mean. deflect of RPMet level was linear (P < .01).
eEffect of RPMet level was quadratic (P < .01).
plasma methionine concentrations with no detectable inflection point. Three steers per treatment also were bled in this trial to determine effects of time postfeeding on plasma methionine concentration. Plasma methionine concentrations were not affected (P > .05) by time postfeeding during the 8-h postfeeding period, and no interaction between time postfeeding and dietary RPMet level was detected (P > .05; data not shown). Plasma methionine increased linearly (P < .01) with increasing levels of dietary RPMet at all times postfeeding. This provides qualitative evidence that the RPMet was effectively protected and absorbed, and that the postruminal delivery of methionine was maintained throughout the postfeeding period.
Steer Trial 2. This trial was conducted to determine effects on steer performance of urea-supplemented diets containing RPMet and RPLys (10.3% dietary CP) compared to a positive control diet supplemented with SBM (11% dietary CP). Steers fed the SBM positive control diet had greater rates of gain than those steers fed the urea control diet or the diets containing the lowest and highest levels of supplemental RPMet and RPLys (1.04 vs .94, .91 and .93 kg/d, respectively; Table 10 ). Rate of gain for steers fed the intermediate level of rumen-protected amino acids (.12% RPMet + .08% PRLys) was only slightly lower (/0 > .05) than that of steers fed the SBM positive control diet. No difference (P > .05) in feed intake existed due to treatment; therefore, feed/gain response to treatment followed the same trend as rate of gain.
Steer Trial 3. Effects of RPMet and RPLys on performance and carcass characteristics of finishing steers are presented in Table 11 . Cattle fed the SBM positive control diet and the diet supplemented with .09% RPMet + .06% RPLys tended to have greater rates of gain (P < .10) than those fed the urea control or .15% RPMet + .10% RPLys diets (1.28 and 1.24 vs 1.20 and 1.16 kg/d, respectively). Providing .09% RPMet + .06% RPLys to the urea control diet may have partially alleviated a methionine and(or) lysine deficiency in these steers. It has been previously reported that lysine may be limiting performance in growing steers fed urea as the sole source of supplemental N (Burris et al., 1976 ). fgMeans in the same row without a common letter in their superscripts differ (P < .05). aurea control and rumen-protected methionine (RPMet) and lysine (RPLys) diets contained 10.3% dietary CP; the SBM positive control diet contained 11% CP. bLevels represent the methionine portion of the RPMet complex expressed as a percentage of diet DM.
CSoybean meal. dLevels represent the lysine portion of the RPLys complex expressed as a percentage of diet DM.
estandard error of the mean. fgMeans in same row without a common letter in their superscripts differ (P < .10). hHCW = hot carcass weight; KPH = kidney, pelvic and heart fat. il = no abscess, 2 = slight abscess, 3 = multiple abscesses. J2 = high Choice, 3 = Choice, 4 = low Choice. ldMeans in same row without a common letter in their superscripts differ (P < .05).
The depression in gain of steers fed the two highest levels of RPMet and RPLys may have been due to inhibitory effects of methionine and(or) lysine on absorption of other amino acids. Reiser and Christiansen (1969) observed competition for carrier mediated enzyme binding sites between neutral and basic amino acids, and Phillips et al. (1979) reported that methionine consistently inhibited valine and threonine absorption in sheep.
No differences (P > .10) in feed intake, feed conversion or carcass characteristics existed due to treatment. Steers fed the diets containing .12% RPMet + .08% RPLys and .15% RPMet + .10% RPLys had higher (P < .05) concentrations of plasma methionine than those fed the negative and positive control diets (7.59 and 7.34 vs 4.03 and 4.38 /~mol/dl, respectively). Corresponding with slower growth rates, steers fed the urea control diet tended to have lower plasma methionine and lysine concentrations than those fed the SBM positive control diet.
In summary, the rumen-protected amino acids used in this study appeared to be highly resistant to ruminal fermentation and were effectively absorbed, based on plasma amino acid response. Lack of improvement in lamb N balance and a detectable inflection point in plasma methionine with increasing dietary levels of RPMet indicated that methionine was not the first or sole limiting amino acids for lambs in this study. Although an apparent inflection point in plasma methionine existed at .04% RPMet for finishing steers, growth rate was not affected by dietary RPMet level. Likewise, growth rates were not consistently improved when steers were fed supplemental RPMet + RPLys compared with those fed a urea-supplemented control diet. It is concluded that methionine and lysine were not limiting feedlot steer performance in these studies.
